Temephos is an organophosphate pesticide used as larvicide in the environment. Although not extremely hazardous, it can be risky for human health in the moderate concentrations. Objectives: This study investigated the quantitative removal efficiency of temephos, an organophosphate pesticide, from contaminated water by silver-modified ZVINPs. In addition, the operational parameters affected on removal process were optimized. Materials and Methods: In the current study, three water samples from different parts of Iran such as Ahvaz tap water, the Karoon River passing through Khoramshahr city, and the Caspian Sea were collected. A new method for effective removal of temephos from the sample solutions by silver modified zero-valent iron nanoparticles as an efficient adsorbent was introduced. Results: For a typical solution in which temephos was removed about 21% by iron zero-valent nanoparticles, modification by silver improved removal method was up to about 99%. The required time for the complete removal of temephos was about eight minutes. Variation of pH and concentration of KNO 3 as an electrolyte was considerably ineffective on the efficient temephos removal. Adsorption studies of the method were followed by Langmuir isotherm. Maximum temephos adsorption amount was 12.65 mg/g under optimal conditions. The proposed method was simple, fast and safe to treat temephos polluted waters. Preparation of the adsorbent was easy and removal time was short. Conclusions: Briefly, the current study represents a novel method to eliminate temephos as an organophosphate compound from water samples with modified zero-valent iron nanoparticles.
Background
Insects transfer a wide range of pathogen microorganisms between humans and animals. Insecticides are employed to control the contagion of such diseases. Organophosphate insecticides are extensively used worldwide. Generally, the inhibition mechanism of organophosphate pesticides (OP) is inactivation of cholinesterase in the insect as well as mammal (1) .
The organophosphates are a group of pesticides that affect the nervous system functions, and the Environmental Protection Agency (EPA) assessed the risks of these pesticides. They are among the EPA's highest priority review under the Food Quality Protection Act (FQPA). Organophosphates are strongly bound to cholinesterase molecules, which inactivates them. True cholinesterase (acetyl cholinesterase) and plasma cholinesterase (pseudo cholinesterase) play vital roles in human body. These two cholinesterases are responsible for neurochemical transmissions. Temephos can cause cholinesterase inhibition in humans; that is, it can over stimulate the nervous system causing nausea, dizziness, confusion, and at very high exposures, such as accidents or major spills, respiratory paralysis and death (2) .
Development of industrial processes in the developing, and high birth rate and overpopulation countries cause using high rate of pesticide and more environmental pollution. Temephos is one of the few organophosphates registered by EPA, widely used to control mosquito larvae, and is the only organophosphate with appreciable larvicidal property. It is an important resistance management tool for mosquito abatement programs. Temephos usage is approximately 25'000 to 40'000 pounds per year. This pesticide is used to control mosquito, midge, gnat, punkie, and sand fly larvae in non-potable water (stagnant, saline, brackish and temporary water bodies), highly polluted water, including humid areas, woodland pools, shallow ponds, edges of lakes, swamps, marshes, tidal waters, intertidal zones, catch basins and tire piles (2) .
Although temephos is one of the low hazardous organophosphate pesticides for mammals` health, it can be harmful in higher concentrations. According to the World Health Organization (WHO) standards, the maximum permitted level proposed for temephos in drinking water is 1 mg/L (3).
In the environmental water, temephos is used with a surfactant or as granulates due to its trace solubility in water. The current study used a new method to investigate the removal efficiency of temephos by dissolving temephos in an aqueous solution with n-Octyl-β-DGlucopyranoside as a surfactant.
Zero-valent iron nanoparticles (ZVINPs) are widely used to inactivate microbes (4, 5) , eliminate dyes (6) (7) (8) (9) (10) (11) (12) , and toxins such as heavy metals (13) (14) (15) (16) (17) and pesticides (18, 19) . According to the authors best knowledge, no report is found on the removal of organophosphate pesticides using ZVINPs, exclusively. Due to low removal efficiency of unmodified ZVINPs, modification of these particles is necessary to increase the efficiency of adsorbent. To improve the removal efficiency of ZVINPs particles some metal elements and/or organic compounds are used (20) (21) (22) (23) (24) . Silver is one of the metal elements that can be used to develop the removal characteristics of ZVINPs adsorbent (25, 26) . In ion or zero-valent form, silver naturally has antibacterial trait (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) and furthermore is a nice choice to remove thiol containing compounds due to high reactivity between silver and sulfur in aqueous solutions. Temephos is one of the organophosphate pesticides that contain three sulfur atoms in its chemical structure 
Objectives
The current research mainly aimed to investigate a modified SPE method to remove temephos, as an organoposphate pesticide, from aqueous solutions with silver-modified ZVINPs. Afterwards, the effect of some parameters such as silver amount as a modifier of ZVINPs particles, pH, contact time, adsorbent amount, electrolyte, interfering species, and solution volume on temephos removal efficiency was determined. Finally, the applicability of the proposed method was studied on real water samples spiked with temephos at a definite value.
Materials and Methods

Instrumental
A Knauer HPLC system equipped with a Knauer Smartline pump 5000, a Smartline UV detector 2500 and a C18 analytical column (250 × 3 mm, 5 µm dimensions, Macherey-Nagel, Duren, Germany) were used to determine temephos in water sample solutions.
An infrared spectrum was obtained, using a Fourier Transform-Infrared Spectrometer (FT-IR, Perkin Elmer, spectrum 100), to identify the functional groups and chemical bonding of the adsorbent and adsorbed materials on the adsorbent. Transmission electron microscopy (LEO, 906E, 120kV, Germany) was performed to measure the size and shape of particles. Structural analysis of the silver modified zero-valent iron nanoparticles (AgZVINPs) was carried out using an X-ray diffractometer (XRD, Brucker D8 Discover, Germany). FRITSCH Laser particle sizer ANALYSTTE 22 nanotech plus (Germany) was used to measure the size distribution of Ag-ZVINPs. An IKA works KS 130 orbital shaker (IKA Works Basic Model), a Jenway hotplate model 1000 (UK), a Jenway pH meter model 3510 (UK), and a magnet (1.2 T, 10 × 5 × 2 cm) were used during the experiments.
Reagents
All the solutions were prepared by double distilled deionized water with electrical conductivity below 1.5 µS/cm.
Pure temephos powder (Fluka) was used to prepare test solutions. Temephos stock solution (1000 µg/mL) was prepared in HPLC grade acetonitrile. FeCl 3 (96% w/w), NaBH 4 , 0.1 M AgNO 3 Titrisol®, n-Octyl-β-D-Glucopyranoside, HPLC grade water, and acetonitrile were purchased from Merck (Darmstadt, Germany).
Preparation of Ag Modified Zero-Valent Iron Nanoparticles
ZVINPs particles were synthesized by reduction of ferric chloride with sodium borohydride under atmosphere. For synthesis of 100 mg ZVINPs, 1.8 mL of 1 M Fe 3+ solution was added to 200 mL water and 10 mL NaBH 4 (1 M) was slowly added in one minute with mixing the solution by a magnetic stirrer at 600 rpm. Reduction of Fe 3 + was done according to the following reaction:
The synthesized ZVINPs were settled at the bottom of a beaker using a strong magnet and washed with distilled water a few times until the pH of washing solution reached seven. Silver was selected as the best candidate to improve the temephos adsorption property of ZVINPs due to the high tendency of silver to sulfur and phosphate groups (37, 38) . Two different methods were carried out to modify ZVINPs. In the first procedure, both the Fe 3+ ions and modifier (silver ion, Ag + ) were initially mixed and then reducing agent (NaBH 4 ) was added to the mixed solution to form zero-valent particles simultaneously (α-type). In the second method, a two-step reduction process was carried out. In the first step, the ZVINPs particles were prepared according to the described method represented above and then in the second step, the modifier (silver ion) was added to the solution and reduction of Ag + ions was performed by NaBH 4 solution (β-type). In order to synthesize β-type adsorbent (Ag-ZVINPs) with ZVINPs, 2 mL AgNO 3 (0.1 M) was added drop wise to a 200 mL solution containing ZVINPs, and then 2 mL of NaBH 4 solution (1 M) was slowly added to the medium. The solution was stirred for at least five minutes and Ag-ZVINPs were settled using a permanent magnet. The remaining solution over the nanoparticles was decanted and AgZVINPs were washed with water followed by ethanol and water sequentially up to achieving pH 7 for the washing solution. Figure 2 shows TEM image and graph of size distribution of the synthesized Ag-ZVINPs.
Removal Procedure
In the current investigation, a batch process was used to eliminate temephos insecticide from water solution. For the removal procedure, 80 mg of Ag-ZVINPs was used to adsorb 10 µg/mL temephos in 50 mL 0.05% n-Octyl-β-DGlucopyranoside solution at room temperature and uncontrolled pH conditions. After mixing for eight minutes, Ag-ZVINPs were separated by a magnet from the test solution. Determination of temephos in solutions before and after removal process was performed by a HPLC-UV system.
Analysis Procedure
The RP-HPLC analyses were performed on a Knauer system with a 2500 UV-Vis detector. A C18 analytical column of 250 × 3 mm, 5 µm dimensions from Macherey-Nagel (Duren, Germany) was equipped with a guard column of the same material, and held at 30ºC by a column oven. The mobile phase was pure acetonitrile (AN) solvent (100%). All solutions were filtered through a 0.45 µm cellulose nitrate membrane (Sartorius, UK) before injection and a 20 µL injection loop was used throughout. The optimum flow rate of mobile phase was fixed at 1.0 mL/ min. Temephos molecule has two absorption peaks in UV region (203 and 254 nm) according to UV-Vis spectra of temephos in the acetonitrile solution. The maximum intensity was achieved at 203 nm. Validated linear dynamic range of the temephos concentration using HPLC method was 0.05-20.0 µg/mL.
Sampling
Water samples used in the current study were collected from three main sources: (1) tap water from Ahvaz City (Khuzestan, Iran), (2) the Karoon River passing through Khoramshahr City (Khuzestan, Iran) and (3) the Caspian Sea (Iran).
Fifty milliliters of all three samples were spiked by 0.25 mL n-Octyl-β-D-Glucopyranoside (10%) and 0.5 mL temephos (1000 mg/L) to reach the total volume of 10 mg/L temephos solutions. Removal efficiency of the method was studied by determination of temephos before and after adsorption process.
Results
Characterization of the Ag-ZVINPs
FTIR spectrums Figure 3 show the characteristics of temephos peaks (A), adsorbent Ag-ZVINPs (B), and temephos on Ag-ZVINPs (C). The rocking vibrations for P-O-Me were found at 1190-1170cm -1 in Figure 3 a for temephos, and The absorption bands at 725-845 cm -1 for both temephos and temephos-Ag-ZVINPs are usually attributed to the in phase P-O-C stretching. The peak at 1400-1500cm -1 is due to P = S stretching in Figure 3 a, and shows a small shift (about 20 cm -1 ) to lower wave numbers due to the chemical interaction between Ag (from Ag-Fe adsorbent) and S atom of temephos in Figure 3 c (37, 38) . The X-ray diffraction (XRD) pattern for synthesized AgZVINPs in Figure 4 shows the presence of Ag 0 and Fe 0 in the adsorbent. The diffraction peak at 2θ = 38.28° corresponds to the standard face-centered-cubic (fcc) phase of Ag. It can be concluded that the peak at 2θ = 44.34° in Figure 4 comes from the body-centered-cubic (bcc) phase of Fe (α-Fe) as well. The intensity of diffraction peaks of Ag is relatively weaker than that of Fe because of smaller concentration of Ag compared to Fe (Ag: Fe is about 20:100) in the adsorbent. It must be mentioned that the diffraction peak at 2θ = 44.34° for Ag is covered by the peak for Fe at 2θ = 44.34°. Some FeO (due to oxidation of Fe) diffraction peak of iron oxides can be observed.
Effect of ZVINPs Modification on Temephos Removal
Removal ability of ZVINPs was investigated by addition of 100 mg of the nanoparticles to a 50 mL solution of temephos (50 µg/mL) adjusted in pH 7 and the mixture was stirred for eight minutes at 250 rpm. Since the removal was only about 21%, it was necessary to modify the magnetic ZVINPs for more efficient removal. In order to increase the potential ability of ZVINPs as an efficient adsorbent to remove temephos, silver ion was selected and added to the solution in order to modify the Fe 0 nanoparticles. Silver has high affinity for binding to sulfur/phosphate containing compounds (37, 38) .
Obtained results showed that β-type Ag-ZVINPs act as better adsorbent for removal of temephos ( > 99%) compared to α-type (80%) and also non-modified ZVINPs (21%). Figure 5 shows the chromatograms of a water sample containing 10 mg/L of temephos before and after adsorption by Ag-ZVINPs. As it can be observed in chromatogram 5B, the peak for temephos is eliminated ( > 99%) due to the adsorption of analyte on the surface of Ag-ZVINPs.
Effect of Silver Amount as a Modifier of ZVINPs Particles
The amount of Ag to modify ZVINPs and its effect on temephos removal from 50 mL solutions (10 mg/L) at previously optimized conditions (pH = 7, contact time = 10 minutes, 25°C) was investigated. According to the results Figure 6 ; (22 mg) of silver in the presence of 100 mg of ZVINPs can produce an adsorbent (Ag-ZVINPs) with acceptable removal efficiency (more than 99%) of temephos. Higher amounts of Ag + do not enhance removal efficiencies for solutions with such dilutions. It must be mentioned that to remove temephos from more concentrated water samples (20 mg/L) using modified ZVINPs (Ag-ZVINPs), and higher contents of Ag + act more efficiently. Figure 7 shows the comparison of removal efficiencies of the two types of Ag-ZVINPs prepared by two different percentages of silver compared to the fixed amounts of ZVINPs (100 mg). One type contains about 13% and the other about 23% (w/w) of Ag + compared to the total weight of the Ag-ZVINPs.
Effect of pH
The effect of pH on the adsorption of temephos (50 mL, 10 mg/L) by 100 mg Ag-ZVINPs at 25 °C for 10 minutes contact time (stirring at 250 rpm) is shown in Figure 8 . As it is observed, pH variation in a wide range from 3.0 to 12.0 has no effect on the removal efficiency of temephos from polluted water samples. It seems that pH variation cannot affect the high tendency of Ag-ZVINPs to adsorb temephos ( > 99%) from aqueous medium, while non-modified ZVINPs show low tendency for temephos removal (about 21%). In the rest of investigation, pH 7 was adjusted as optimum solution pH prior to analysis. 
Effect of Contact Time
To investigate the effect of contact time on the removal process, time duration from one up to 20 minutes was tested at 25°C and mixing rate of 250 rpm on 50 mL solution of 10 mg/L temephos at pH 7 using 100 mg of AgZVINPs as adsorbent. Removal efficiencies above 95% were achieved at eight minutes contact time, but 10 minutes was selected as the time for approximately complete removal of temephos under the above mentioned condition. Results are shown in Figure 9 .
Effect of the Adsorbent Amount
In order to obtain optimum amount of the modified AgZVINPs adsorbent for quantitative removal of temephos from 50 mL solution (10 mg/L), different quantities of prepared Ag-ZVINPs (from 30 to 100 mg) were tested to remove temephos from water samples. Maximum removal achieved when 90 mg of Ag-ZVINPs particles was used. The optimum amount of adsorbent (Ag-ZVINPs) used in the other experiments was selected as 100 mg.
Adsorption Isotherm
The capacity of Ag-ZVINPs to adsorb temephos was examined by measuring the initial and final concentrations of temephos in the test solution under optimum conditions in a batch system. Different water sample solutions with temephos concentration ranging from 10 to 70 mg/L were examined with fixed amount of Ag-ZVINPs (100 mg). Both Langmuir and Freundlich adsorption isotherms were used to normalize the adsorption data. The results were monitored by HPLC-UV analysis before and after removal procedure with respect to concentrations obtained from peak areas of related temephos contents in the solutions. The results showed that Langmuir model fitted better (R² = 0.999) than the Freundlich model (R² = 0.976), demonstrating that the adsorption of temephos onto Ag-ZVINPs can be considered as a monolayer adsorption process. This may be due to the formation of a monolayer strong complex between the coated Ag on the surface of ZVINPs and phosphate/sulfur containingcompound (temephos) (37, 38) which covers the surface of Ag-ZVINPs and no more complex molecules can form on the first layer. The Langmuir isotherm equation (Equation 1) was used to describe the relationship between the amount of temephos adsorbed and its equilibrium concentration in the solutions Figure 10 .
Equation 1.
where C (mg/L) is the equilibrium concentration of the temephos in the solution, q (mg temephos per g adsorbent) is the equilibrium adsorption amount of temephos, q m is the maximum adsorption amount of temephos per gram of adsorbent (mg/g) and K is the Langmuir adsorption equilibrium constant in liter per mg of adsorbent (L/mg).
The linear relationship between C/q and C (C/q = 0.079C + 0.241) shows the applicability of the Langmuir model. The experiments resulted in 0.327 for K (as Langmuir adsorption equilibrium constant, L/mg) and 12.65 for q m (as the maximum adsorption amounts of temephos per gram of adsorbent, mg/g), respectively.
Effect of Electrolyte
The effect of electrolyte concentration (adjusted by KNO 3 ) on the adsorption and removal efficiency of temephos from the test solutions (50 mL, 10 mg/L) was studied. The analysis was carried out under optimum conditions at room temperature. The results showed no significant effect of even high concentrations of KNO 3 on the removal efficiency of temephos. This implied that the complex formation between Ag that is on the ZVINPs (Ag-ZVINPs) and temephos in the test solution was not affected significantly even by high KNO 3 concentration under the examined conditions.
Effect of Interfering Species
The described optimum experimental conditions were used to study the effect of some ions, inorganic, and organic chemicals on the removal efficiency of temephos (25 mL, 10 mg/L) by Ag-ZVINPs. To this end, removal of temephos was performed in the presence of co-existing ions and molecules. The maximum acceptable error was ± 5%. The results are presented in Table 1 . According to the obtained results, some of the chemicals significantly interfered on the temephos removal efficiency. It is because of the high tendency of ZVINPs particles to remove the tested chemicals from water. For this reason, by increasing the amount of adsorbent (Ag-ZVINPs), the analyte could be removed along with most of the interfering species. By increasing the amount of adsorbent to 1.00 g, temephos was removed up to 99% in the presence of 100 mg/L of Na + , K + , Ca 2+ and NO 3 -. 
Reusability
The ability of reusing the adsorbent in several successive adsorption processes was tested under controlled conditions (temephos 10 µg/mL; 50 mL 0.05% surfactant solution, pH 7, contact time 30 minutes, and stirring speed = 250 rpm). The results showed that Ag-ZVINPs can be reused three times without a considerable loss in their adsorption efficiency ( > 90%).
Effect of Solution Volume on Temephos Removal Efficiency
Different sample volumes between 12.5 and 200 mL were studied (pH 7, contact time = 20 minutes, stirring speed = 250 rpm, 25°C) to achieve a tolerable volume of temephos sample solution per adsorbent amount used for removal. Solution volumes were increased while the total weight of temephos in the solution remained fixed at 0.25 mg. The obtained results Figure 11 showed that the maximum removal of temephos was applicable up to 50 mL of the solutions. It must be mentioned that increasing the contact time had no significant effect on the removal efficiency even in larger volumes of temephos sample solutions, but by increasing the adsorbent amount the tolerable volume of sample solution increased. 
Real Samples
To verify the applicability and reliability of the proposed designated method for temephos removal, three different samples, as described in the previous sampling section, were collected. Temephos was spiked to the water samples in such a way that the final concentrations of temephos were fixed at 10 mg/L. No matrix modification was done before and after the removal process. All the analyses were carried out under optimized conditions. The analyte concentrations before and after removal process were determined by HPLC-UV system. The results given in Table 2 proved the capability of the method to remove temephos from real samples with no matrix modification.
Discussion
A fast, simple and effective magnetic solid phase removal of temephos insecticide from aqueous solutions was successfully developed with Ag-ZVINPs as an adsorbent. Such a removal process by magnetic nanoparticles was carried out for the first time. The adsorbent could be manipulated magnetically and exhibited high adsorption capacity and fast adsorption rates to remove temephos due to binding to Ag (37, 38) of Ag-ZVINPs, high specific surface area and absence of internal diffusion resistance. The adsorption behavior could be described by Langmuir isotherm. The adsorbent may also be useful to remove other substances such as heavy metal ions from aqueous solutions. The whole removal (adsorption) processes can be completed within 10 minutes. The proposed method showed high potential for fast removal of temephos from surface water samples with high efficiency.
